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SUMMARY

In order to girve the large-scale characteristics of a vari-

ety of airfoils in a form which will be of maximum ralue,
both for airplane design and for the study of airfoil
characteristics, a collection has been made of the resulfs
of airfoil tests made at full-scale values of the Reynolds
Number in thevariable density wind tunnel of the National
Adrvisory Commitiee for Aeronautics. They hare been
corrected for tunnel wall interference and are presented
not only in the conrentional form but also in g form which
facilitates the comparison of airfoils and from which
corrections may be easily made to any aspect ratio.

An example showing the method of correcting the resulis
to a desired aspect ratio has been given for the conrenience
of  designers. In addition, the data have been analyzed
with a riew to finding the rariation of the aerodynamic
characteristics of airfoils with their thickness and camber.

INTRODUCTION

The results of large-scale airfoil tests from the vari-
able density wind tunnel are to be preferred for most
practical purposes o those obtained at a comparatively
low secale from atmospheric wind tunnels. The results
of the large-scale tests not only approach more closely
those obtained under full-scale conditions, as shown by
comparison with flight tests (Reference 13), but are
also more consistent among themselves. It is well
known, for example, that an airfoil may show different
serodynamic characteristics as a result of low-seale
tests in different wind tunnels. As the scale is increased,
however, such discrepancies, resulting from differences
in the turbulence of the air streams, become smaller,
certain aserodynamic peculiarities disappear, and the
relation of the aerodynamic characteristies to the pro-
file shape becomes more consistent.

The large-scale aserodynamic characteristics of a
considerable variety of airfoils have been savailable
from tests made in the variable density wind tunnel
during the period between the completion of the tunnel
(April, 1923) and the destruction of its interior by
fire (August, 1927). These large-scale characteristics,
published in 10 different reports, were not given in &
uniform manner and were uncorrected for tunnel-wall
Interference because the correction formulas had not

yet been verified. Experimental verification of thse
theoretical wind-tunnel wall interference correction
and a satisfactory method of correcting results from
tests of rectangular airfoils to infinite aspect ratio
have since led to the adoption of & standard form for
the presentation of airfoil characteristics at the Langley
Memorial Aeronsutical Laboratory.

The object of this report is to collect all of the pub-
lished large-scale results from tests on standard airfoil
models in the variable density wind tunnel and to
present them in a uniform manner so that the results
of different tests may be easily compared. The new
standard form has been used; that is, the airfoil
characteristics are represented by two sets of curves.
First, the characteristics corrected for tunnel wall
effect to aspect ratio 6 in free air are plotted against
the angle of attack. Second, the characteristies corre-
sponding to a wing of infinite span are plotted against
the lift coefficient. In this way the value of the data
to the designer will be increased, because the airfoils
may be more easily compared and because the charac-
teristics of a given airfoil may be readily found for any

desired aspect ratio. Moreover, by adopting a stand-

ard form of presentation, these results will now be
conveniently available for future use in comparing
them with the results from other wind tunnels and
from the new veriable density wind tunnel.

TESTS

A description of the tunnel and the method of
meking the tests is given in Reference 1. The airfoil
models were &ll 5 by 30 inches and were made of dura-
lumin, with the exception of the CYH, which was
made of plaster of Paris. The tests given here were
made at & pressure of 20 atmospheres and a Reynolds
Number of 3,500,000, approsimately. This value of
the Reynolds Number represents the seale which would
be obtained if a wing of 3.6-foot chord had been tested
et 100 m. p. h. in air of normal density. The test
conditions of the airfoils as given in References 2 to 11
were approximately the same except for the method
of support. In the tests of References 2 and 3, which
include the N. A. C. A. 07, 98, and 99, and the N. A.
C. A-M. series, the sirfoils were supported by two
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round wires extending vertically across the tunnel and
by a sting projecting to the rear, which was also used
to vary the angle of attack. The supports used in the
tests of References 6 to 11, inclusive, were streamline
struts extending from the balance platform to the lower
surface and a sting similar to the one used previously.
In the tests of Reference 5 the Gottingen 387 and the
U. S. A. 35-B were supported by round wires and the
U.S.A.5,U.S. A .27, U.8. A.35-A, R. A. F. 15, and
Clark Y by struts. The M—6 and M-12 curves (figs.
18, 19, 30, and 31) show the small difference in the
results from the two methods of support. The Clark
Y tests (figs. 74 and 75), in which strut supports were
used, show the difference that may be produced by
polishing the surface. '

Method of correcting data,—The formulas used in
correcting the data to infinite aspect ratio and for the
influence of the tunnel walls are from the works of
Munk, Glauert, and Prandtl, which are given in the
N. A. C. A. reports, References 11 and 12. The note-
tion and formulas used are as follows:

Cr,=absolute lift coefficient.

D =diameter of wind-tunnel throat.

b=span of airfoil. = ..
S=area of airfoil.
a=angle of attack in free air.

ar=angle of attack as measured in the tunnel.

a;=Iinduced angle of attack.

a,=angle of attack at which an airfoil of infinite span
would give the same lift coefficient as the air-
foil tested in the tunmel.

R=actual aspect ratio of airfoil.

R,=effective aspect ratio of the airfoil; the aspect
ratio of an airfoil which would give the same
characteristics in free air as the airfoil tested
in the tunnel.

Crno=moment coefficient about & point one-quarter of
the chord behind the leading ledge.

Op=absolute drag coefficient for an airfoil in free air.

Cpo = profile drag coefficient. _
Cp.=absolute drag coefficient obtained from the tun-
nel tests.
Cp,=induced drag coeflicient.
r=a factor correcting the induced angle of attack to
allow for the change from elliptical spsdn
loading resulting from the use of an airfoil of
rectangular plan form. _
o =a factor correcting the induced drag to allow for
the change from elliptical span loading result-
ing from the use of an airfoil of rectangular
plan form.
a=increase in lift coefficient per degree for an sir-

foil of aspect ratio E.
_dG

a, dao-increase in lift coefficient per degree for

an airfoil of infinite span.
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The formulas for correcting the data from the closed
throat tunnel conditions to free air are as follows:

a=ar+2%——['§=>(57.3.

(Angles of attack are measured in degrees.)

C:iS
Oo=Cort i
Since the reduction to infinite aspect ratio was
made from the uncorrected tunnel data, the effective
aspect ratio (R,) of the airfoil was used.

Re=—yrry
1-5(p)

then o
a,,=ar—’_—;i(1 + 1) X 57.3

- Ce?
O_po = ODT-;I_i’-.(l + 0').

RESULTS

The characteristics of the airfoils are presented by
means of two-independent sets of curves. The first
is the conventionsal plot of C;, Cp, L/D and C. P.
against angle of attack, but differs from most previous
plots in that the results have been corrected for tunnel
wall effects to aspect ratio 6. The second set of
curves gives the deduced characteristics of an airfoil
of infinite span. The profile drag coefficient Cp,,
the angle of attack «, and the moment coefficient
about the quarter chord point Cl,, are plotted against
the lift coefficient. This type of plot, which has been
used in England, has three important advantages over
the more familiar type. First, the characteristics are
plotted against the lift coefficient as abscissa because
the lift coefficient is usually treated as the independent
variable. Second, the efficiency and pitching char-
acteristics of different airfoils may be compared very
much more readily by comparing profile drag and
moment coefficient curves rather than the familiar
L/D and C. P. curves. This is particularly true if
the moment coefficient about & point one-quarter of
the chord behind the leading edge is used, because
its value for a given airfoil is approximately constant
over the working range. Third, in applying the
results of airfoil tests, it is almost always necessary
to correct them to another aspect ratio, and it is
more convenient to correct from an infinite than from
some finite aspect ratio.

Correction to finite aspect ratio.—For convenience,
the formulas for use in reducing these data to any
aspect ratio will be summarized. If engineering
coefficients are desired, the data should first be reduced
to the desired aspect ratio in terms of the absolute
coefficients by the use of the following formulas. The
slope, and the lift and drag coefficients for a given
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angle of attack should then be multiplied by 0.002558
to obtain the corresponding values of the engineering
coefficients K, and K..

The angle of attack in degrees for the lift coefficient
(8 L is:

o= a.+ (1+T)X573

or

a= a,+187§—éot,(l+r)

The lift curve slope when angle of attack is measured
in degrees is
2]

+“—1'2(1+-r) 57.3.

where @, is the slope for the wing of infinite span.
Assuming a mean value for ¢, of 0.0960 in the second
term of the denominsator, this becomes aspproximately:

[

A S—
1+m(1+1')

The value of a, for a wing of given thickness may be
found from Figure 95.
The drag eoefficient is

Co=Cp,+ & (1+0)

D Dy =B Gl

'The values of r and o depend on the shape of the
spen loading diagram of the airfoil. For an elliptical
wing without effective twist they are zero and for a
rectangular wing their values are given in Figure 1.

The moment coefficient at a given value of the lift
coefficient may be taken as the same for any aspect
ratio. The center of pressure, measured in per cent
of chord from the leading edge, is given by

Cu,
C. P.=25 per cent— O oosat O on o

100 per cent.

where Oy, is the moment coefficient about a point
one-qua.rter of the chord behind the leading edge.
For most purposes the following approximations of the
above formula give sufficient accuracy. The center of
pressurs measured as a fraction of the chord from the

quarter-chord point is

(O

or when measured from the leading edge in per cent of
chord

Cy
C. P.=25 per cent——o— 100 per cent.

The use of the foregoing formulas may be more
easily understood from the following example. Sup-
pose it is desired to find the serodynamic character-
isties of a rectangular Clark Y wing of aspect ratio 8.
For a sample calculation a lift coefiicient of 0.9 will be

sssumed.
The angle of attack for a given value of O is

a=ca,ta;
a=a,+ 18.24%’ (1+71)
From Figure 1, for an aspect ratio of 8, r=0.22. Then
a=a,+2.780 (..
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FicurE 1.—Corection factors for reclangnlar sirfolls. Based on ae=0.0060

From Figure 75, when

01, 09 Uy = 4.20 LI

a=4.2+2.50

a=06.7°.

The drag coefficient is

Cp=0p,+ (b,
_ !
G_p = OD‘+T—R (1 +O’).

From Figure 1, for an aspect ratio of 8, o=0.074.

Then
GD = Op. + 0.04.2701',2-
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From Figure 75, when C;=0.9, Cp,=0.0145

Cp=0.0145+0.0346

OD=0.0491
L 09 .
D= 0.0401 183

The moment coefficient about the quarter chord
point, from Figure 75, is —0.07 for a lift coefficient
of 0.9. ’ '

The center of pressure about the leading edge is

C. P.=0.25—%"f

€. P.=0.25+0.0778
C. P,=32.8 per cent of chord from the leading edge.

This will be the position of the center of pressure for
an angle of attack of 6.7°. The calculations for other
values of ¢, may be conveniently tabulated in the
following form. If the engineering coefficients (X, and
K,) are desired, the values of columns 1, 5,6, 7, and 9
should be multiplied by 0.002558.

1 2 8 £ 3 8 7 3 s " 10 u
C‘E&‘A . astor -@(1.{.,) C.‘p:--I;-C’m : Cue  loz—c. P,
F ot =B T L T @)
Cy, a, degrees C'g_;. x Cixe
ar | adegrees Cos o CEO| TES
0 —51 a —5.1 0.0108 0 fLpies 0 —0.082 :
.20 —8.0 .0 —24 . 0101 L0017 -.0118 17.0 ~@E | -39 8
w40 —L0 LI +0.1 0101 ~0088 ] .7 iy, 7t - 4
60 +11 L7 28 : ~0154 10265 2.0 —or4 —13 57
180 8.2 %3 54 -0130 01 -0403 08 —073 —0b 3¢
Lo | . &2 238 &0 - 0165 Lo -0%2 169 -0 | —.06 31
kD 7.6 3.3 0.9 o2z 20815 .08 TR —.042 — 04 2
Lt 120 | Lg 10.0 . 0800 L8611 ,u61 12.2 —.0I0 —. 007 2%
L2 5.6 | &3 18.9 oas | —. 064 -0 n
DISCUSSION meximum thickness and maximum mean camber.

In the enalysis of the data a study was made of the
effect of profile shape upon the airfoil characteristics.
Such an analysis is difficult not only because the effects
of the large number of variables can not be separated,
but also because there is no uniform variation of shape
characteristics throughout the entire group of airfoils.
A program involving the testing of a large family of
airfoils in the new variable density wind tunnel has
been formulated with a view to & more complete in-
vestigation of this subject. In spite of the limitations
of the data available, it was found profitable to study
the variation of aerodynamic characteristics with
camber and thickness.

Certain characteristics need not be analyzed, either
because they do not vary with thickness and camber,
or because their variation may be predicted with
reasonable accuracy by means of Munk’s theory of
airfoils. (Reference 12.) Within the working range
below the burble region all of the airfoils, irrespective
of their thickmess and camber, exhibit an approxi-
mately constant value of the moment coefficient about
the quarter chord point and approximately the same
variation of the profile drag coefficient with the lift
coefficient. The value of the moment coefficient and
the angle of zero lift depend, as indicated by the
theory, on the shape of the mean camber line. There
remains to be analyzed, therefore, the maximum lift
coefficient, the minimum profile drag coefficient, and
the slope of the lift curve.

The effect of profile shape on these aerodynamic
characteristics was studied by plotting them against

The maximum mean camber is the maximum dis-
placement of the mean camber line of the airfoil sec-
tion from the line connecting the leading and trailing
edges. These plots, Figures 92 to 96, indicate certain
general trends, but in studying them it should De
remembered that the thickness and camber vary
together and that the camber lines of the different
airfoils are of very different shapes; the M series, for
instance, are reflexed near the trailing edge to give
approximately a stationary center of pressure. The
trends may be summarized as follows:

1. The minimum profile drag increases as the maxi-
mum thickness and maximum mean camber are
increased.

2. The maximum lift increases with thickness up to a
thickness of 12 per cent of the chord beyond which it
decreases.

3. The slope of the lift curve decreases as the maxi-
mum thickness is increased.

4. The ratio of maximum lift to minimum profile
drag tends to decrease as the maximum thickness is
increased, the tendency becoming very marked when
the thickness is increased beyond 12 per cent.

LANGLEY MEMORIAL AERONAUTICAL LABORATORY,
NartioNaL Apvisory CoOMMITTEE FOR AERO-

NAUTICS,
Lanerey Fiewp, Va., October 21, 1929.
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TABLE I.—VALUES FOR ASPECT RATIO 6

Thickness at— C. P.at—
Alrfoli Page chm Co ﬂDm 0.15 chord } 0.85 chard CF, max 14 CL msx.
Per cant chord Per cent chord from
L.E.
N.A CLA. 0T 8 L3335 0.0133 18.2 1.3 816 a3 5
N.A. C. A 98 - L33 .0138 17.4 1240 87 3 ]
N.AC A8 .. —————e] ¢ 1.060 .0108 18.4 12.06 413 2 23
N.A.C.A-MI .o S Q 805 . 0073 2.1 534 [%.)3 23 21
N.ACA-M2 ] 10 . 903 . 0080 219 6.98 6.01 2 21
N.AQ A-Ms " — 1 1.0s0 . 0084 20.3 10.28 8.8l 26 17
N. A. Q. A-M4 ja s 0071 w2 54 4.74
N A G A-MS ] 11 Lia 0071 a8 .10 619 26 10
N.AC. A-MS _ .| 12 1321 . 010 0.8 10.29 866 25 20
N.ACA-M7 _______ | 12 L 145 - 0084 226 531 4,69 M 18
N.ACA-Ms8 ____ | 13 L1183 - 0080 2.2 [ K] €13 8 20
N.A G A-MO___ - 1187 . 0100 2.3 10.27 886 25 18
N.A. C.A-MIO___ 14 1004 - 0064 a1 538 4.66 26 20
N.A. CoA-MIl ____ 14 1080 . 0081 2.6 7.03 6.00 0 29
N.A.C. A~ 15 1258 0101 13.4 10.21 8.8% a8 32
N.A.C. A-M18 15 1.229 Jon7r 19.8 533 £70 28 ~ 33
N.A.C. A-Mid 16 L2350 .0098 2.2 7.00 6.10 g 87
N.A. Q. A-Mis 16 1.263 0094 2.0 10. 30 894 2 31
N.A. Q. A-MIS .. — 7 L119 .0081 21.2 532 4.66 7 28
N. A. C. A-MI17. 7 . 0089 €0.8 6.92 6.08
N.A.C.A-MI8 - 13 .0095 0.8 10.30 8.92
N. A C.A~MIQ ___ —, I8 1258 0201 0.5 527 4,65 29 7
N.AGCA-MYO_ _____________| 19 1320 .87 2.1 7.00 612 80 X
N.A C.A-MN 19 0118 19.4 10. 30 83
N.A.C.A-M2_____ SE— 2 L2230 .Q181 2.2 538 4.76 30 b3
N. A. C. A-M23, 20 080 2.3 6.08 6i4
N.A.C. A~ a L0122 185 10.28 8.86
N.A.C.A-M2S . . a1 L7 . 0380 * 1.3 538 4.76 a1 35
N. A Q A-MS 2 L1197 - 0209 17.0 6.93 608 a4 38
N. A. Q. A-M% 22 0193 17.0 10.25 | 8.54
UeBe AScaaa p=} L0 . LOLLT e 8.05 | 4.80 32 56
U.B. A 27T ] 1388 0115 2.8 10.40 1 864 a 43
U.S. A 354 ___ b3 L3 0145 18.6 18.60 1184 ] 64
S U.B.A B 1 L374 - 0092 2.6 0.3 | 7.5l 3L i
P R A F 15 e 25 L9206 . 0050 4.8 6.38 502 29 40
Gdttingen 387 oo 23 1.323 0123 18.2 1.8 | 8.8 3 51
Clark 28 1420 . Q108 L1 10. 51 8 2 45
U.8.N.P.8 e & 28 .933 .0092 27.0 358 22 35 a0
U.8.N.P.8,2_ S 4 L215 .0173 201 7.18 6. 44 3l 48
U.8.N.P.8.3._ b4 1438 0210 7.9 895 8.05 a1 i1
TG.8.N.P.8.4__ b 1,492 0221 7.8 10,74 0. 66 33 49
U.8.N.P.8.S o 28 13878 0263 15.7 14,32 12,88 3 5
U.8.N.P.8.6__. 3 L8t .0280 13.6 17.80 16. 10 u T+
N.A.C.A.CYH.__ 1] 1302 [ 011t 0.4 10.5¢ 8.3 28 3
l R.A.F.10._ a L 5% .0285 16.6 10.5 50 k] 72
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